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INTRODUCTION 
A high veloci ty  probe launched i n t o  an  atmosphere of unknown 
composition offers a unique opportunity t o  obtain spectrographic 
in fo rmt ion  by close-range examination of t he  r ad ia t ing  species 
i n  the  shock-heated gas cap. This information can e s t ab l i sh  the  
const i tuents  present, and a l s o  can y i e l d  r e l a t i v e  concentrations 
cP t he  planetary gas m i x t u r e .  This knowledge could mater ia l ly  
~i~ i n  t he  reduction and in te rpre ta t ion  of data from other  cn- 
k w r d  experiments. Such information would prove v i t a l  f o r  
of :bture space missions and would mater ia l ly  a id  i n  the  design of 
i-aturc mnned and unmanned vehicles.  
b 
'The recent  Mariner I V  experiments, reference 1, and the  ear th4 
based  spectroscopic measurements of IR,  reference 2, and W s c a t t e r 3  
ing, reference 3, suggest that  t h e  Mars atmosphere contains a t  
l e a s t  33 percent carbon dioxide. The remaining const i tuents  a r e  
postulated t o  be ni t rogen and argon. These l a t t e r  two have not 
been detected but  a r e  t en ta t ive ly  assigned a s  const i tuents  on the  
e *  
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bas i s  of abundancy considerations , reference 4, and postulated 
geological ac t iv i ty .  
Seif'f and Reese, reference 5 ,  recent ly  pointed out t h a t  
instrumented, spher ica l ly  shaped probes of low b a l l i s t i c  coef- 
f i c i e n t  represent a prac t i ca l  design f o r  a Martian atmosphere 
probe. Typically, a spher ica l  nose radius of t he  order of 30 cm 
can be employed. According t o  the  theore t ica l  predictions of 
Boobar and Foster, reference 6, and the free-f l ight-range measure- 
ments of James, reference 7, the cyanogen formed i n  the  high- 
temperature gas cap appears t o  be one of t he  promising candidates 
f o r  s p e c t r a l  examination dur ing  entry i n t o  the  Martin atmosphere. 
The planetary space probe is designed t o  make a s teep  en t ry  
Figure 1 i l l u s t r a t e s  t he  convec- (70°-wo) i n t o  the  atmosphere. 
t i v e  heat- t ransfer  r a t e  a s  a function of veloci ty  t h a t  one ca lcu la tes  
f o r  such an en t ry  i n t o  an atmosphere of 46 percent C02, 23 percent 
N2, and 31 percent A. 
t o  be representat ive f o r  a 1969 launch. 
contemplated, and f o r  the  30-cm radius spher ica l  nose, maximum 
convective heating occurs almost simultaneously with maximum radia-  
t i v e  heating. If an  ab la t ive  heat shield i s  employed, the  problem 
a r i s e s  a s  t o  the  e f fec t  of radiat ion from t h e  ab la t ion  vapors upon 
t h e  detect ion of gas-cap radiat ion,  because it i s  necessary t o  
measure t h e  gas-cap rad ia t ion  by looking out from within the  m o d e l  
i n t o  the  s tagnat ion zone. 
The entry veloci ty  of 6.7 km/sec is  taken 
For the  s teep  entry angle  
A plasma-tunnel study of gas-cap and 
- 3 -  
ablation-products rad ia t ion  i n  a simulated Martian atmosphere forms 
the  subject  matter of t he  present paper. 
TEST FACILITY 
A schematic view of the  plasma-tunnel f a c i l i t y  i s  shown i n  
f igu re  2. Details of the  f a c i l i t y  may be found i n  reference 8. 
T;riefly, it cons is t s  of a DeLaval nozzle having a th roa t  diameter 
of 1.27 cm and having provisions f o r  sustaining a D.C. e l e c t r i c  
Arc between electrodes i n  t h e  high pressure plenum chamber on the  
ierY and t h e  e x i t  of t h e  supersonic nozzle on the  r igh t .  
metered gas mixture is introduced into t h e  plenum chamber j u s t  
downstream of the  cathode s h r o u d  and i s  heated by the  e l e c t r i c a l  
discharge i n  the  cons t r ic tor  section. The nozzle e x i t  i s  15.2 cm 
i n  ciiarnetcr ar_d t h e  f l a w  exhausts into an evacuated t e s t  chamber. 
The t e s t  chanber pressure was maintained a t  a low value by a 
steam e j ec to r  system such that the  f ree  j e t  was approximately 
balanced. 
age can be employed with steady, uniform flow exis t ing  a t  t he  
s tagnat ion region. 
The 
For these conditions a t e s t  body with 45 percent block- 
TEST BODY AND INSTRUMENTATION 
i 
The tes t  body used f o r  t h i s  study i s  shown i n  f igu re  3. It 
cons is t s  of a f la t - faced cy l indr ica l  nose of 10 cm diameter and 
a 15-degree conical  afterbody. The f la t - faced  nose has corner 
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rounding su f f i c i en t  t o  match t h e  velocity gradient a t  the stagna- 
t i o x  point with t h a t  of a 30-cm radius sphere. This shape was 
arr ived a t  by t r i a l  with a pressure-instrumented model. Inter- 
changeable nose sections of various ablat ion and heat-sink 
mater ia ls  were provided. 
Tne conical  afterbody coEtaixied the smzce opt ics  system. 
The 15-degree displacement of t he  op t i ca l  ax i s  w i t h  respect  t o  
the  ax i s  of symmetry was necessary t o  avoid co l lec t ing  t h e  high 
in t ens i ty  rad ia t ion  from the  a r c  constr ic tor .  
system incorporating a small aperture l imited the  region viewed 
and eliminated the  background radiation. Detai ls  of the collimated 
col lect ion-opt ics  system a r e  contained in Appendix A. The l5-cm 
d imeter  afterbody expanded t h e  flow t o  a t h i n  tenuous l aye r  over 
t k - 2  short ,  cy l ind r i ca l  s K i r t  j u s t  upstream of the  base, which 
insured that  t h e  transmitted radiat ion consisted primarily of 
smgnation-point radiat ion.  Tests with t h e  source opt ics  blocked 
insured t h a t  no measurable radiat ion was received from regions 
o ther  than t h e  s t a g n a t i m  zone. 
A coll imating 
Figure 4 compares various parameters calculated f o r  t he  contem- 
plated full scale  entry with those selected f o r  t he  plasma-tunnel 
simulation tests. The items of importance f o r  rad ia t ion  t e s t  simu- 
l a t i o n  a r e  tJx velocity,  density,  and shock stand-off distance.  
A s  shown on the  figure, a l l  a r e  matched except t h e  density which 
is  a f ac to r  of 30 low. This mismatch i n  density i s  equivalent t o  
- . . . . . , . 
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an increase i n  a l t i t u d e  of about 27 km (8 km = sca le  h t )  over the  
a l t i t u d e  a t  t h e  peak heating condition. 
i n  t i m e  on t h e  entry t r a j ec to ry  4 seconds p r io r  t o  peak rad ia t ion  
heating. 
a r  expected fu l l - sca le  s i tua t ion ,  but not t h e  most severe. 
It corresponds t o  a point 
Consequently, t he  t es t  conditions correspond d i r e c t l y  t o  
Referring t o  figure 1 again, the t e s t  conditions f a l l  within 
the  s t ippled area shown on t h e  t ra jec tory  curve. For t h e  t es t  
conditions, figure 5 i l l u s t r a t e s  the t e s t  body with the  rad ia t ing  
gas cap f o r  t he  case of a non-ablating copper wall. 
In s t rmen ta t ion  f o r  t he  tes ts  is shown i n  f igure  6. The 
source opt ics  within the  t e s t  body d i rec ts  rad ia t ion  from the  
gas cap out t he  r e a r  flange via a f i r s t - sur face  mirror. A f t e r  
passing through the  wind tunnel  port, t he  rad ia t ion  i s  r e f l ec t ed  
t o  3 cyl indr ica l  f i r s t - su r face  m i r r o r  where the  c i r cu la r  beam i s  
~ c - ~ s e d  as  a l ine  on the  entrance s l i t  of a spectrograph. 
spectrograph had a foca l  r a t i o  of  6.8 and was equipped with a 
1200 groove/mm grat ing blazed a t  3500 A. The gas-cap spectra  
i n  the  range 2700 t o  6500 
The p la tes  were cal ibrated with the model i n  place by direct ing 
a collimated beam f h m  a tungsten ribbon filament lamp i n t o  the  
sOilrce opt ics .  The rad ia t ive  in tens i ty  of t he  tungsten filament 
was determined by measuring brightness temperature with an o p t i c a l  
pyrometer and by recourse t o  the  emissivity data of Larrabee 
(ref. 9)  t o  o b t a h  a blackbody temperature. 
The 
were recorded by means of photographs. 
Details of t he  ca l ibra-  
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t i o n  a r e  given in  Appendix B. 
The film was Kodak Spectrozraphic p l a t e  film type lo3  F. 
Exposure times f o r  both t e s t s  and cal ibrat ions were such that 
the  rec iproc i ty  l a w ,  i .e.,  I x T = const., per ta ins  f o r  t he  photo - 
graphic emulsion. 
Loebel microdensitometer. 
Photographic densi t ies  were read with a Joyce 
RESJLTS AND DISCliSSIOI'J 
The gas-cap rad ia t ion  was measured i n  the  a r c - j e t  f a c i l i t y  
for non-aKLating and ablat ing surfaces. 
a non-ablating copper surface a re  shown i n  figure 7. 
t i o n  per  unit volume i s  plot ted against  veloci ty .  
Experimental r e s u l t s  f o r  
Tota l  radia-  
The e f f e c t  of 
S h b c L  7i s  accounted f o r  by using the  cor re la t ing  
p r a m e t e r  suggested by theo re t i ca l  calculat ions (refs. 10 and 
11). 
and 31 percent Argon (percents by volume). 
a r e  compared with the  molecular theory prediction fo r  c02-N~ 
nix tures  of reference 10. The theory has been adjusted t o  corres-  
pond t o  the  same percentages (by volume) a s  t he  tes t  gas ( i . e . ,  
46 percent C02, 23 percent N2, 31 percent A). 
was made by applying (1) the  experimental cor re la t ion  obtained by 
Janes (ref .  7) fo r  concentration effects  and (2) t he  t h e o r e t i c a l  
d i l u t i o n  c o r r e h t i o n  of reference 10. 
shock tube data of references 7, 10, and I 2  with no argon d i lu t ion  
1 c:i 11 er- 
The gas mixture consisted of 46 percent C02, 23 percent N2, 
The present r e s u l t s  
This adjustment 
The b a l l i s t i c  range and 
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a r e  a l s o  shown. The theory of reference 10 agrees wel l  with 
these results. The present dat3 also show t h e  predicted trend 
with veloci ty  and agree ' w i t h  t k - e  dilu.tion e f f e c t  of zrgon pre- 
diated by t h e  theory of reference 10. The adjusted t h e o r e t i c a l  
curve which appl ies  t o  t h e  present gas m i x t u r e  d i f f e r s  Sy f ac to r s  
of 2.5 a t  5 km/sec t o  1 .2  a t  7 ka/sec. Possible explanations 
f o r  t h i s  discrepancy a r e  considered below. 
The present data were obtalncd l o r  v c h e s  of density r z t i c  
s u f f i c i e n t l y  low t o  match t h e  conkmpiated density r a t i o s  
< pJp, < during t h e  t ize preceeding maximm gas-cap 
r h d i a t i m  f o r  t h e  Mars probe entry. As noted above, f o r  these 
10-i e e n s i t i e s  t h e ,  data a r e  only i n  reasocable agreement with 
equiiibriur;! theory, whereas t h e  b a l l i s x i c  range and shock tu'oe 
c-te vhich generally agree closely wlth theory were obtained a t  
: I-'i:,ixtPj high density and scale  50  insure  equilibriun:. 
-:onequilibrium e f f e c t s  ir, t h e  present r e s u l t s  were assessed 
-+ 
I zsdring t h a t  CN f o n s  according t o  CO + N + CN + 0. For t h i s  
x z c t i o n ,  the  Cl? formation is  l i m i t e d  by t h e  concentration of CO. 
I x -  t h i s  chemical model, t h e  relaxaxion dis tance f o r  t h e  r eac t ion  
[~OL + CO + 0 can be found from reference 13. For t h e  present 
d m s i t g  range ( p  /po = 1 - 5 X 
cancentration of CO i n  t h e  stagnation region w i l l  occur i n  a d i s -  
3 
a 50 percent change i n  the  
M 
tance of 20 m, which i s  approximtely equal t o  t h e  shock stand- 
off  distance.  I n  the plasma tunnel, expansion occurs only t o  a 
. .. 
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Mach number of 6.2. 
Mj/kg (5.10 km/sec) the  free s t r z m  i s  predissociated t o  a value 
of z = 1.40 a s  compared%o thie equ i l i t r i un  value a t  t h e  stagna- 
t i o n  s t a t e  of z = 1.90. 
2issoc ie t ion  leve l ,  t he  CN conccntrazion behind the  bow shock bas 
Seen es t iua ted  t o  be  87 percen-c of t he  equilibrium value. Conse- 
que;:tlj, The rad ia t ion ,  3 s ~ r n j . r . ~ ;  c x z m r i x  temperature, is prezicted 
ZD l-e a f zc to r  of 1 .2  (= C.87--“ :’: bel:: zquilibriurn velues. 
;z,xai” a c c x ~ % s  for t he  Ciscrer,,,: L.‘ 3t ~ g ’ n  veloc i ty  (6.25 km/;ec) 
z u t  2o ts  I~GL caapletely account for t he  Ziscrepancy a t  la veloci- 
t i e s  . 
AccordLigIjr, at operating conditions of 13.4 
On the  SasLs of t h e  f r e e  stream pre- 
1 - 
Altho.;igh &E ab ia t ing  heat shield , , ~ u 1 2  reduce probe launch 
’halght, a b h t i o n  vapor formation CS.L d r a s t i c a l l y  a f f e c t  t h e  gas- 
~ i ,  spectra.  %le rad ia t ion  characxerist ics f o r  various heat 
- - re12 z z t e r i e l s  were assessed i n  22s mixtures t h a t  consisted of 
6 2/3 peTcmt C02, 91 percent X2, and 2 1/3 percent A (by volume). 
3’igu-e e ?resents spectra of t h e  gas cap f o r  t h e  non-ablating 
copper nose and f o r  s eve ra l  p h s t i c  heat sh ie ld  materials.  
wavelength range of t h e  spectrograms is from 3500 t o  6700 A. 
For the non-ablating copper surface the r ad ia t ive  flux i s  due 
a l z o s t  so l e ly  t o  the  CX v io le t  band system. 
spec t ra  a r e  f o r  exactly the  sane flow conditions but  with SUT- 
faces of polyethylene, polytetrafluoroethylene, and polyformaldehyde. 
The gas-cap spectra a r e  qui te  s imi la r  for each of t h e  th ree  p l a s t i c s .  
The 
The three  bwer  
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In  addi t ion  t o  enhanced CN v i o l e t  radiat ion,  t he  ablatio--vapor 
r zd ia t ion  cons is t s  ot Cz Swan baizd rad ia t ion  and t h e  C2 Eigh- 
?ress-ne bazd system. The hydrczarbon p l a s t i c s  also 2isDiay e 
_r,:ol;ir_ent CH 4300 
r ~ 6 L z t L r n ;  A t r ace  e n o u t  of 2i.jdror;en appears i n  -ikz : : ,- : :Y..:  
band series an6 eppreciable hydro:;ci: - t A 
r?? cG"pt?r  SUrf3.cS. 
EEezuse tLk C!?! v i o l e t  bznd syst-.::. G;D~T,C-ZI~S tc; h a  vel1  uncer- 
5 C s x c r s  i-rcressec the  CK ; .lclet bard system rac i a t ion  by s2prosi-  
r%te ly  t h c  same amount (valiies rsl ige from 3 to 4). These i k t a  
.3 -*e appa-ent ly  contrary t o  b a l l i s t i c  range and shock tube data 
::hich shov l i t t l e  or no increase i n  t o t a l  r ad ia t ion  v i t h  >ol:f- 
tzsraf luoroethylene and polyfomlcehyde models (refs. 7 and lk) . 
in the following discussion ab la t ion  measurements from an a i r  study 
a r e  used t o  show tha t  there  i s  i n  fac t  no inconsistency and t h a t  
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one can estimate the  ab la t ion  vapor radiat ion r e l a t i v e  tc the  gas- 
cap radiat ion.  
The e f f ec t  of body radius  on the in t ens i ty  of rad ia t ion  from 
an ab la t ing  body is  i l l u s t r a t e d  i n  figure 10. 
in t ens i ty  over t h e  wavelength range 3600 t o  6700 A i s  c m w r e d  f o r  
polyethylene models of severa l  rsr2.ii operated i n  a plasm tunnel  
L Z  wristant cocditions.  These t e s t s  were performed i n  a i r  using 
The integrated t o t a l  
polyethylene T 2 O d d S  of t he  same blunt shape but with smaller r a d i i .  
Tna e r f ec t s  of running i n  a i r  ra ther  than i n  C02-N2-A n i x t w e s  is 
considered t o  be unimportant here since only r e l a t i v e  changes i n  
th? zblat ion vapor zone rad ia t ion  were considered. 
prasent measurements indicated t h a t  the  gas-cap rad ia t ion  forns  
a r e l a t i v e l y  small part of the  t o t a l  observed rad ia t ion  f o r  both 
flows. 
w i l l  c epnd  011l.y weakly on the  main flow const i tuents .  
conditions were constant, the change in radius  f o r  t h i s  s e r i e s  i s  
equivalent UI a c'hange i n  convective heating r a t e  ( re f .  15) .  The 
data a re  shown normalized t o  t h e  in tens i ty  f o r  t he  smallest model 
Moreover, t h e  
Therefore, the  sca l ing  law f o r  ab la t ion  vapor rad ia t ion  
Since 
/ i t  iJ,LL(LC. P' 
(6.2 mm). 
law f o r  ablat ion vapor zone radiat ion derived i n  Appendix C 
(equation C- 9 ) .  
The so l id  l ine shown represents the predicted sca l ing  
The experimental trend agrees well wi th  the  
approximate formulation. 
Using t h e  measured enhancement of rad ia t ion  f o r  ab la t ion  of 
polyethylene ( f ig .  g ) ,  the  scaling l a w  f o r  ab la t ion  vapor r ad ia t i cn  
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(equation c-16) and f o r  t h e  gas-cap radiat ion ( f ig .  7)  can be used 
t o  predict  t he  r e l a t i v e  i n t e n s i t i e s  f o r  gas-cap rad ia t ion  as  com- 
pared t o  the t o t a l  rad ia t ion  received. 
l a w  has been applied t o  t y p i c a l  b a l l i s t i c  range measurements and 
t o  the contemplated Mars entry (fig.  1). 
for a veloci ty  of 5.6 km/sec. 
a r e  shown i n  f igure ll. 
t i o n  of gas-cap rad ia t ion  is  shown. 
with ab la t ion  the gas-cap radiation--which would represent the  
s i g n a l  one wishes t o  analyze--is only 1/4 of the t o t a l  signal. 
On the other hand, t he  b a l l i s t i c  range data w i l l  contain less 
than  10 percent contribution from ablat ion vapors. 
therefore ,  can be used i n  b a l l i s t i c  ranges with negl igible  uncertainty 
regarding the rad ia t ion  source. Finally, f o r  the contemplated 
fu l l - sca l e  case a t  peak heating, there i s  a 20 percent contribution 
from the ablat ion vapor zone, while a t  an e a r l i e r  t i m e  i n  t r a j ec to ry  
(4 seconds p r io r )  there i s  over a 70 percent Contribution. 
ab la t ive  heat shield would give a signal that  contains a var iable  
amount of ab la t ion  vapor zone contribution which would introduce 
uncertainty i n t o  the  in te rpre ta t ion  of the  gas-cap const i tuents  
f o r  the  Mars atmosphere. For t h i s  reason, atmospheric probes should 
probably incorporate heat-sink shields t o  prevent gas-cap contamina- 
t i o n  with ab la t ion  vapors and thus avoid uncer ta in t ies  i n  the i n t e r -  
p re ta t ion  of spec t r a l  measurements. 
The approximate scal ing 
A l l  cmparisons a r e  
The re su l t s  of such a c a l c u h t i o n  
For t h e  cases i l l u s t r a t e d ,  t he  contribu- 
Thus, f o r  p l a sm tunnel  t e s t s  
P l a s t i c  models, 
The 
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CONCLUDING REMARKS 
1. Radiation from C02-N2-A mixtures appears t o  be wll 
understood. Tests approaching equilibrium conditions i n  t h e  
~ 2 s  ca;, agree w e l l  with theory (when i n t e n s i t i e s  a r e  normalized 
-with respect  t o  densi ty  r a the r  thmii presslire a s  poiEted out i h  
re?'. ll), suggesting t h a t  CN v i o l e t  radiat ion may be an important 
tool f o r  probing d i s t an t  planetary atmcsptieres w i t h  COz ar,d N2 a s  
const i tuents .  
2. Ablative heat sh ie ld  materials slriDstantially a l t e r  t h e  
t b t a l  radiat ion.  Ablation ejecta  can increase the  observed inten-  
s i t i e s  of t he  CN v i o l e t  system by as much a s  a f ac to r  of 4-- 
depending on the  eee-s t ream density a t  t he  time of measurement. 
For t h i s  reason, atmospheric probes should probably incorporate 
heat-sink sh ie lds  t o  prevent gas-cap contamination with ab la t ion  
vapors and thus avoid uncer ta in t ies  i n  t h e  in t e rp re t a t ion  o f  spec t r a l  
measurements. 
3. Proper scal ing of densi ty  and body radius  (i.e., convec- 
t i v e  heating ra te)  i s  required t o  simulate r ad ia t ive  i n t e n s i t i e s  
f o r  planetary en t r i e s  where peak heating r a t e s  a r e  not high (such 
as. a Mars ent ry) .  
cmt r ibu t ion  t o  rad ia t ion  t h a t  i s  possible f r o m  the  ab la t ion  
e j ec t a  i n  the  stagnation region. Moreover, nonequilibrium concen- 
This i s  e s sen t i a l  i n  view of t he  s ign i f i can t  
I '  
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t r a t i o n  of t he  molecules a t  low densi t ies  can appreciably a l t e r  
i;r I- 
! 
t he  e m i t t e d  radiation. 
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A conservatively low temperature r a t i o  was then obtained from 
equilibrium charts,  Reference 17- The temperature r a t i o  of 3.0 
is  a r e s u l t  of dissociat ion which absorbs about 60 percent of 
the ava i lab le  thermal energy. 
the  gas i s  transparent.  
The assumption is  a l s o  made tha-c 
The t o t a l  amount of rad ia t ion  collected i s  proportional t o  
the  number of rad ia tors  and t h e i r  radiat ive s t rength.  Experi- 
mental data ( R e f .  10) shows tha t ,  i n  t he  regime of these t e s t s ,  
t h i s  quant i ty  can be expressed a s  
Q d  p104 v T4 
where Q i s  t o t a l  radiated energy, p i s  density,  V i s  the  volume 
seen by the  co l lec t ion  system, and T i s  the  absolute temperature. 
. .. 
= 0.32 
s213:~ii;g t h a t  beckgruii!  r s d i a t i o n  czn coatr ibate  up to 75 percent 
,..3 A'' ~r ,e  totti2 signal. 
, 
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Appendix B 
Eg(h) = l . 9 8 l ( l O ) ”  
-6- 
I- 1 
7 ES (1) 2srhC2~-5 lheight  a t  A] gas cap gas cap 
ca l ib  hc - 
-1 
*Ts 
7 
e 
(B-11) 
ELnally, t o t a l  energy density was obtained by p lo t t ing  equation 
(B-11) versus wavelength and integrating over A. 
Appendix C. Radiation Frsn Kclat ion Vapor Zoce 
The derivat ion given belo% I s  a;; upproximte arLa2;isis sf' 
the scaling r e l a t i o n  t h a t  per ta ins  zo racliati.on from the  ab la t ion  
vapor zone. The ana lys is  i s  fcr ?ianlnar flow a t  t h e  atagnztior. 
region of a hemisphere. 
b lunt  bodies s ince  these shpes can be characterized as spheres 
i n  t e r n  of an equivalent radius  of cwvature  (ref. 21). ~i'or 
However, it should apply. eqmlly we l l  t o  
b lunt  bodies w i t h  sharp ccrners,  for example, the equivalent radius  
of curvature is frm 3.5 t o  4 times the body radius.  
per ta ins  t o  a sublimb-g ablator. 
Gases e i t h e r  injected (ref .  16) or  simply ablated i n t o  the 
T%e analys is  
s tagnat ion region e o n  mater ia l  Zegmdation form a d i s t i n c t  zone 
separated from t h e  stagnation flow regioa by a n  in te r face .  !The 
thickness of t h i s  zone can be obbtaioed f r o n  reference 15. Thus, 
For an ab la t ive  heat s h i e l d ,  the  "er'fec-tive heat of ab la t icn"  
r e l a t e s  t h e  convective hea t i rg  r a t e  an6 the  mas6 eiecta rate to 
f low cofiditions and na- ie r l a i  prcperties. For subliming ab la tors  
t h i s  r e l a t i o s  i s  
- -  %o - Ha f- fi(h& - kw) 
il 
where E i s  the i n t r i n s i c  heat capacity of the material  and the 
constant p depends on the  nolecuhr weights, of the i n j ec t a  and on- 
a 
cocling f low.  For laminar flow a t  %he stagnation point of a 
Appendix C - 2 -  
hemisphere, the  convective heating r a t e  formulation appearing 
above i s  given by ( r e f .  15) a s  
Combining equations C-1, C-2, and C-3  and solving f o r  t he  ab la t ion  
vapor zone thickness y ie lds  
However, f o r  hemispheres, the shock stand-off dis tance can be 
approximated over wide densi ty  ranges by the  simple r e l a t i o n  
(c . f .  ref. 22)  
A b c  = M P 2 / P m )  (c-5) 
Therefore, the  term i n  equation C - 4  within t h e  braces i s  dependent 
only on the  s tagnat ion enthalpy (or equivalent free-stream ve loc i ty) .  
Note t h a t  fo r  many c m o n  abla t ion  mater ia ls  the f a c t o r  Ha/p(ht - hw) 
i s  of t he  order 0.4 f o r  V, 2 5 km/sec. Consequently, the  term 
within the braces i s  
depends primarily on 
where t h e  de f in i t i on  
expression indicates  
v i r t u a l l y  independent of flow conditions and 
the  ab la t ion  gas e j ec t a .  Thus, 
of K1 is  given by equation C-4. 
t h a t  f o r  small  s ca l e  and/or high density,  the 
This last 
thickness of the  ab la t ion  vapor zone is  reduced. 
I n  reference 23 it is  shown t h a t  f o r  u n i t  mass of ab la t ion  
products the  r ad ia t ion  can be characterized by 
Appendix c 
where K;2 i s  e constant of the m - t e r i a l .  
a t  t h e  s t a g n a t i m  point can 5 e  w r - t -  I t en  as 
The rudle t ion  intensit-v 
i 
l.8 (c-8) 
1 = E, 6 = F pi,& = r, l + t T E 6  
0 L'g 
The temperature of the a 'ohtior,  vnpm- a t  the  in t e r f ace  i s  the con- 
t r o l l b g  parameter accorc'hig t o  equcti.DE C - 9  s ince  5 is typ ica l ly  
a b m t  3 (ref'. 23) .  
of' T, OD 110% conditions is  i n  or2er. 
Accord i~gly ,  a consideration of t h e  depesdence 
3;r appoximtr lng the a .bh t ion  vapor z o m  by a conductLng f l u i d  
hycr ,  one can write a heat b z \ h x e  at t he  interface betweer, tkie 
n b . h t i o n  vapor zone and the  stagnnatiaz gas region 
YGco = K ( T  /r )/b (c-19) M a  
the  f ac to r  2' i s  t h e  heat bloc&age r a t i o  d e f i n e d  as 
(c -1.2) 
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